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Abstract The specific heat of toluene in glass and crystal states, has been 16 
measured both at low temperatures down to 1.8 K (using the thermal 17 
relaxation method) and in a wide temperature range up to the liquid state 18 
(using a quasiadiabatic continuous method). Our measurements therefore 19 
extend earlier published data to much lower temperatures, thereby allowing 20 
to explore the low-temperature “glassy anomalies” in the case of toluene. 21 
Surprisingly, no indication of the existence of tunneling states is found, at 22 
least within the temperature range studied. At moderate temperatures, our 23 
data either for the glass or for the crystal show good agreement with those 24 
found in the literature. Also, we have been able to prepare bulk samples of 25 
toluene glass by only doping with 2% mol ethanol instead of with higher 26 
impurity doses used by other authors. 27 
 28 
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1 Introduction 33 
 34 
Among the many unsolved puzzles in the field of glasses and the glass 35 
transition phenomenon [1], low-temperature properties and low-energy 36 
dynamics of glasses and non-crystalline solids in general, remain most 37 
controversial, in spite of much research performed in the last 45 years.  38 
In 1971, Zeller and Pohl [2] demonstrated that low-temperature thermal 39 
properties of glasses did not follow at all the expected Debye behavior, as 40 
non-metallic crystals do. In brief, the specific heat of glasses depends 41 
approximately linear on temperature Cp  T  below 1 K, and the thermal 42 
conductivity increases quadratically   T 2, in clear contrast with the cubic 43 
dependences expected and observed in crystals, well understood in terms of 44 
Debye’s theory. Besides, a broad peak in Cp/T 
3
 is ubiquitously observed 45 
around 510 K, above the expected Debye level, together with a universal 46 
plateau in the thermal conductivity that is orders of magnitude lower than 47 
that of their crystalline counterparts [2,3].  48 
Very short after those seminal experiments by Zeller and Pohl, some 49 
theoreticians developed the now well-known Tunneling Model (TM) [4,5] to 50 
successfully explain these low-temperature anomalies, at least those below 1 51 
K: the linear term in Cp(T), the squared temperature dependence of (T), and 52 
some others [3]. Essentially, the TM proposed the general existence of a 53 
random, constant distribution of asymmetric double-well potentials in 54 
amorphous solids due to its configurational disorder. These would 55 
correspond to the possibility that atoms or groups of atoms could move even 56 
at low temperatures by quantum mechanical tunneling from one 57 
configuration to another of similar potential energy.  58 
But what occurs above 1 K? As Buchenau and co-workers first showed 59 
in the 80’s combining inelastic neutron scattering with specific heat 60 
experiments [6,7], this maximum in Cp/T 
3
 is clearly originated by an excess 61 
of the vibrational density of states (VDOS) over the Debye lattice 62 
contribution derived from acoustic data. This so-called boson peak, that had 63 
been reported for decades in Raman-scattering at low frequencies in glasses 64 
[3,8,9], was then demonstrated just to be an ubiquitous broad peak in the 65 
Debye-reduced VDOS g()/ 2 and hence in Cp /T
 3
.  66 
These thermal properties above 1 K and the vibrational dynamics of 67 
glasses around, say, 0.55 meV are much more controversial nowadays. 68 
Nevertheless, one of the most used models to account for the low- 69 
temperature properties of glasses also above 1 K is the Soft Potential Model 70 
(SPM), which postulates that the Debye theory is also applicable to glasses 71 
at very low temperature, only that they coexist with additional quasilocalized 72 
soft modes or low-energy excitations in non-crystalline solids [10,11]. The 73 
SPM is somehow an extension of the TM, where in addition of double-well 74 
potentials producing two-level systems (TLS), there are also more-or-less 75 
harmonic single-well potentials responsible for low-frequency vibrations 76 
(soft modes). These two zones are separated by an anharmonic quartic 77 
potential, which marks the crossover from the TLS-dominated lowest- 78 
temperature region to another one above a few K, dominated by those low- 79 
frequency vibrations with g()  4 and hence Cp  T  
5 [12]. Eventually, 80 
this rise of the VDOS over the Debye level saturates and the boson peak in 81 
 g()/ 2 arises [13], which marks the end of the range where acoustic 82 
phonons and quasilocalized soft modes can be considered as independent 83 
[14].  84 
An alternative approach to account for the universal existence of the 85 
boson peak in the VDOS and the plateau in the thermal conductivity of 86 
glasses, is the theory of randomly fluctuating elastic constants [15], though it 87 
does not allow such a straightforward analysis of experimental data as with 88 
the SPM. We will therefore use a practical version of the SPM [12,16] to 89 
analyze our specific-heat measurements of toluene glass.   90 
Notwithstanding the general acceptance of the standard TM mentioned 91 
above, Leggett and other authors [17,18] have raised strong criticisms 92 
against it, arguing how improbable is that a random ensemble of independent 93 
tunneling states or TLS would produce essentially the same universal 94 
constant for the thermal conductivity or the acoustic attenuation in any 95 
disordered solid. Nonetheless, most experimentalists have continued to use 96 
the TM, given its apparent success to account for most of the experimental 97 
data at very low temperatures. However, recent measurements of the specific 98 
heat in ultrastable glasses of indomethacin [19] have shown that the 99 
tunneling TLS unexpectedly dissappear, what was attributed to its very 100 
anisotropic and layered character. This experimental finding was claimed to 101 
lend support to the arguments against the standard TM mentioned above [17, 102 
18]. 103 
 Toluene is a simple and well-known organic substance. Its molecule 104 
is essentially a benzene ring with one methyl group, hence it is also named 105 
methylbenzene. The interest in measuring the low-temperature specific heat 106 
of glassy toluene is twofold: (i) to extend specific-heat data to lower 107 
temperatures in this much studied, very fragile (bad) glass-forming liquid; 108 
(ii) to check the suggestion by Leggett [20] that toluene glass could be a 109 
good benchmark of the TM, after the observation by Naimov et al. [21], 110 
using single-molecule spectroscopy, that the dynamics of several low- 111 
molecular-weight glasses as toluene did not follow the low-temperature 112 
behavior expected from TLS within the Tunneling Model. 113 
In this paper we present our recent measurements of the specific heat of 114 
toluene, both in its crystal and glass states. In the temperature range roughly 115 
between 1.8 and 20 K, the standard thermal relaxation method was 116 
employed. In addition, a quasiadiabatic continuous method was used to 117 
cover the range up to 250 K in the liquid state. 118 
 119 
2 Experimental 120 
 121 
2.1 Materials and experimental techniques 122 
 123 
Toluene (or methylbenzene, C6H5CH3) was purchased from Sigma-Aldrich 124 
(purity: > 99.9%) and used without further purification. In order to be able to 125 
vitrify liquid toluene and avoid crystallization (see Fig. 1), some samples of 126 
toluene doped with 2% mol ethanol were also prepared, employing pure and 127 
dried ethanol (max. 0.02% H2O) also without further purification. 128 
The heat capacity of the samples was measured in a versatile 129 
calorimetric system developed in our laboratory [22] especially intended for 130 
glass-forming liquids. With this experimental system we are able to 131 
concurrently study and characterize the phase transitions in the range 132 
77300 K (first using liquid nitrogen as thermal sink), and then to measure 133 
their specific heat at low temperatures where the liquid nitrogen bath is 134 
readily replaced by liquid helium, eventually pumped to achieve 135 
temperatures about 1.5 K.  136 
At temperatures below 30 K, the typical thermal relaxation method was 137 
used, whereas at higher temperatures a quasiadiabatic continuous method 138 
developed by us was employed [22,23]. Although the latter method has been 139 
preferentially used with liquid nitrogen as thermal bath, we showed more 140 
recently that it can also be employed at lower temperatures with liquid 141 
helium [23]. Many more details about the cryogenic system employed, 142 
electronic control, thermal sensors and heating elements can be found in 143 
[23]. In the present work, the calorimetric cell (a thin-walled vacuum-tight 144 
copper cell where the liquid sample is previously inserted and carefully 145 
weighed)  was put on the sapphire disk and attached with a tiny amount of 146 
Apiezon vacuum grease. In this case, a calibrated carbon ceramic sensor 147 
thermometer (CCS A2) and a 1 k chip as heating element were also 148 
attached to the calorimetric substrate. 149 
To correctly subtract the contribution of the addenda to the measured 150 
heat capacities, and to obtain the wanted specific heat, one emptied 151 
calorimetric cell was also measured. In the rest of experiments, the small 152 
differences in the copper cell mass and Apiezon mass were also taken into 153 
account and corrections made in each case. 154 
 155 
2.2 Experimental results 156 
 157 
There are published measurements of the specific heat of toluene in the 158 
crystal state above 11 K by Scott et al. [24], and more recently of toluene 159 
glass by Yamamuro et al. [25] above 5.6 K, using adiabatic calorimetry. 160 
Those data are included in Fig. 2. The melting point of the crystal is Tm = 161 
178 K, and the glass-transition temperature was found to be Tg = 117 K. 162 
Nevertheless, toluene is a bad glass-former and crystallizes readily. To 163 
suppress crystallization, Yamamuro et al. [25]  doped toluene with about 164 
 10% of benzene. Effects of doping were corrected for by assuming the 165 
additivity of the heat capacities of toluene and benzene.  166 
 167 
 168 
Fig. 1 Thermograms of several fast cooling rates for the two cases studied. 169 
Left: Pure toluene,for three quenching attempts using different amounts of 170 
helium exhange gas and starting at different temperatures; in all cases 171 
crystallization unavoidably occurs at about 143 K. Right: Two different 172 
experiments by quenching the sample of 2% ethanol-doped toluene, using 173 
amounts of exchange gas similar to those used for pure toluene. No 174 
crystallization is observed, but a glass transition below 120 K is observed 175 
instead. (Color figure online) 176 
 177 
 178 
Fig. 2 Specific heat in the whole measured range for the crystal (open 179 
squares) and glass (open circles) of toluene. Earlier published data for the 180 
crystal [24] (solid stars) and the glass [25] (solid lozenges) are also shown 181 
for comparison. (Color figure online) 182 
 183 
In our first experiments, we filled-in the copper calorimetric cell with 184 
pure toluene. We measured the specific heat of the liquid and crystal states 185 
with liquid nitrogen as thermal bath, using the abovementioned continuous 186 
method. Then the liquid nitrogen bath was replaced by liquid helium and the 187 
curves were extended to lower temperatures (Fig. 2). Finally, more accurate 188 
single data points were measured using the thermal relaxation method (see 189 
Fig. 3) down to 4.2 K. A few additional points around 3 K were also 190 
obtained in a different experimental run. When using pure toluene, we only 191 
were able to obtain the crystal phase even quenching the liquid as fast as we 192 
could in our system. In Fig. 1 (Left) the time derivative of the temperature 193 
(cooling rate, going from the rightside to the leftside) is plotted. When 194 
cooling fast the liquid by suddenly introducing helium exchange gas in the 195 
internal vacuum chamber, trying different amounts of gas and starting at 196 
different temperatures, we achieved different cooling rates faster than 60 197 
K/min. However, the liquid always irreversibly crystallized, as the big 198 
exothermic loops in the figure clearly demonstrate.  199 
Therefore, in order to suppress crystallization, we prepared samples of 200 
doped toluene. But instead of putting 10% mol of benzene as Yamamuro et 201 
al. [25], we tried with ethanol but with only 2% molar fraction. The idea was 202 
that ethanol is a molecule with a shape more different to toluene than 203 
benzene, and hence less doping may be enough, thus minimizing the 204 
possible approximation errors involved in not using the pure substance. 205 
Furthermore, specific-heat data of ethanol are available [26-28] in a wide 206 
temperature range down to very low temperatures for a correct subtraction of 207 
its contribution.  As shown in Fig. 1 (Right), we were able to cool it and 208 
obtain the glass phase avoiding the crystallization, passing through the glass 209 
transition at a moderate cooling rate of 25 K/min. 210 
We measured the specific heat of a glass of toluene, obtained by slowly 211 
cooling of the supercooled liquid from a few K above Tg, and following the 212 
same procedures as with the crystal. Only, since we were especially 213 
interested in the low-temperature behavior of the glass state, we also 214 
measured carefully and more exhaustively the heat capacity down to 1.8 K, 215 
by pumping the liquid helium bath.  216 
As one can see in Fig. 2, the agreement of our measurements in a wide 217 
temperature range with those earlier published data is very good. Further, in 218 
contrast to earlier adiabatic measurements, our continuous method allows to 219 
monitor and measure the phase transitions. 220 
In Fig. 3 the raw heat capacity data at low temperatures (using the 221 
thermal relaxation method) is shown in a log-log plot, for the glass (red 222 
circles) and crystal (blue squares) phases. Solid symbols are the total 223 
measured heat capacities, the corresponding solid lines are the measured 224 
contribution of the addendas, and the empty symbols are the net values of 225 
 toluene after subtraction. One can see that the contribution of the sample is 226 
significantly higher than that of the addenda (which is however not 227 
negligible at all), especially for the glass, as expected, and hence the 228 
sensitivity of the method is very reasonable. 229 
 230 
 231 
Fig. 3 Raw heat-capacity data (solid symbols) measured at low temperatures 232 
with the thermal relaxation method. The measured heat-capacity curves of 233 
the corresponding addenda (including corrections for small differences in 234 
mass) are shown by solid lines. After subtraction of the addendas, net values 235 
of the heat capacity of the sample are obtained (open symbols). Data for the 236 
glass correspond to (red) circles, data for the crystal correspond to (blue) 237 
squares. (Color figure online) 238 
 239 
In Fig. 4 (crystal) and Fig. 5 (glass), we present the obtained specific- 240 
heat data at low temperatures, in a typical Cp/T
 
vs T
 2
 plot, so that the Debye 241 
coefficients are given by their slope at the lower temperatures. This 242 
representation is also useful to perform a SPM fit for the glass data, as 243 
described in the next section. In both figures, earlier published data for the 244 
crystal [24] and for the glass [25] are also depicted.  245 
Finally, we plot in Fig. 6 the Debye-reduced Cp/T
 3
 for both glass and 246 
crystal. Although very sensitive to data scatter, this is an useful 247 
representation to compare glasses and crystals since allows a direct 248 
visualization of glassy (TLS and boson peak) versus crystalline (flat Debye) 249 
behavior. As can be observed, the specific heat of the glass phase is much 250 
higher than that of the crystal. Toluene glass exhibits indeed a boson peak at 251 
4.5 K, whereas the crystal shows an approximately flat behavior at lower 252 
temperatures with a shallow maximum at about 10 K, typical of molecular 253 
crystals [27-29]. 254 
 255 
 256 
Fig. 4 Specific heat of crystalline toluene (open circles) at low temperatures. 257 
Stars indicate earlier published data [24]. A least-squares linear Debye fit of 258 
the data at the lowest temperatures (see the inset) is shown by the solid line.  259 
(Color figure online) 260 
 261 
 262 
Fig. 5 Specific heat of glassy toluene (solid squares) at low temperatures. 263 
Stars indicate earlier published data of benzene-doped toluene [25]. A least- 264 
squares quadratic fit of the data following the SPM at low enough 265 
temperatures (see the inset) is shown by the lines. (Color figure online)  266 
267 
 3 Discussion 268 
 269 
By means of the Cp/T
 
vs T
 2
 representation of our data at lower temperatures, 270 
we have a performed a Debye analysis for the crystal and a SPM one for the 271 
glass. In the former case (Fig. 4), a simple linear fit by least squares provides 272 
the Debye coefficient for the crystal CD = (2.260.09) mJ·mol
1
·K
4
, and 273 
hence a Debye temperature of D = 95.1 K. To determine these molecular 274 
Debye temperatures, we have to consider in the Debye formula the number 275 
density of molecules rather than that of atoms, as previously discussed [30]. 276 
  277 
 278 
Fig. 6 Debye-reduced Cp/T
 3
 data for both glass (solid symbols) and crystal 279 
(open symbols) of toluene. The boson peak (BP) at around 4.5 K for the 280 
glass and the estimated Debye level (averaged below 8 K) for the crystal are 281 
indicated (Color figure online)   282 
 283 
For the glass, as mentioned above, we will employ a practical simplified 284 
version of the SPM [12,16] in order to analyze the data and quantify the low- 285 
temperature glassy anomalies. Below the boson peak maximum in Cp /T
 3
, it 286 
was shown that one can fit the data to 287 
53 TCTCTCC smDTLSp     (1) 288 
where CTLS is the linear coefficient attributed to the tunneling TLS, CD is 289 
again the Debye coefficient due to lattice vibrations also present in glasses, 290 
and Csm is the contribution of the soft modes below the boson peak. 291 
Therefore a quadratic fit below T = 3.5 K in the Cp/T
 
vs T
 2
 representation 292 
directly provides the three coefficients. We have obtained (see the fit in Fig. 293 
5 by the solid line, dashed lines indicating extrapolations): CTLS=0.61.8 294 
mJ·mol
1
·K
2
, CD=5.840.60 mJ·mol
1
·K
4
, and Csm=0.0620.045 295 
mJ·mol
1
·K
6
.  296 
The first unexpected finding is the absence, within experimental error, 297 
of a linear term in the specific heat, ascribed to TLS. Nonetheless, specific- 298 
heat data at even lower temperatures or another physical property related to 299 
the presence of TLS (thermal conductivity, acoustic attenuation…) would be 300 
needed before concluding that toluene glass is indeed an exception to the 301 
universal behavior of glasses at very low temperatures, accounted for by the 302 
TM, as has been suggested [20,21]. 303 
The cubic coefficient provides us with the Debye coefficient (much 304 
higher than the corresponding crystal) and with corresponding Debye 305 
temperature for the glass, D = 69.3 K. This value is however very different 306 
from their claimed value of D =100.7 K by Yamamuro et al. [25]. 307 
Nevertheless, they did not obtain the value from Cp data in the low- 308 
temperature limit but only after making some assumptions and fits assuming  309 
several rotational and vibrational contributions to the specific heat in the 310 
589 K range. In our opinion, our method is much more direct and reliable.  311 
In contrast to the apparent absence of TLS, toluene glass does exhibit a 312 
well-developed boson peak centered at around 4.5 K, as better observed in 313 
Fig. 6. For the many cases where both low-frequency vibrational 314 
spectroscopy and low-temperature specific heat data are available in the 315 
literature, a close relation between the boson peak position for g()/2 (EBP 316 
=hBP) and the maximum in Cp/T
3
 at TBP is found, what was to be expected 317 
since the specific heat Cv for non-metallic solids is directly related to the 318 
VDOS. To be more precise, one finds a numerical factor around 45 319 
between both peaks, i.e. EBP = (45) kBTBP [31,32]. Hence, from TBP  4.5 K 320 
for glassy toluene one obtains EBP (1.551.9) meV, in good agreement with 321 
the boson peak values reported by nuclear inelastic scattering (1.5 meV) [33] 322 
or by inelastic neutron scattering (1.53 meV) [34]. 323 
 324 
 325 
4 Summary and conclusions 326 
 327 
In summary, we have measured the specific heat of toluene, both glass and 328 
crystal, in a wide temperature range from 1.8 K up to 250 K, thereby 329 
extending earlier published data to the low-temperature region where glassy 330 
anomalies appear. 331 
With such an aim, we have found out that doping toluene with 2% mol 332 
of ethanol is enough to prepare a bulk sample in the glass state.  333 
 We have observed the expected Debye behaviour for the crystal and a 334 
clearly pronounced boson peak (at ca. 4.5 K) for the glass. However, the 335 
fitted linear coefficient of the specific heat was zero within our experimental 336 
error, pointing out an absence of the ubiquituous TLS in glasses. However, 337 
 data at even lower temperatures, or a combination with other appropriate 338 
low-temperature measurements, should be performed in order to confirm or 339 
not the absence of TLS in amorphous toluene. 340 
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